The treatment of NO x from automotive gas exhaust has been widely studied, however the presence of low concentrations of NO x in confined areas is still under investigation. As an example, the concentration of NO 2 can approximate 0.15 ppmv inside vehicles when people are driving on highways. This interior pollution becomes an environmental problem and a health problem. In the present work, the abatement of NO 2 immission is studied at room temperature. Three activated carbons (ACs) prepared by physical (CO 2 or H 2 O) or chemical activation (H 3 PO 4 ) are tested as adsorbents. The novelty of this work consists in studying the adsorption of NO 2 at low concentrations that approach real life immission concentrations and is experimentally realizable. The ACs present different structural and textural properties as well as functional surface groups, which induce different affinities with NO 2 . The AC prepared using water vapor activation presents the best adsorption capacity, which may originate from a more basic surface. The presence of a mesoporosity may also influence the diffusion of NO 2 inside the carbon matrix. The high reduction activity of the AC prepared from H 3 PO 4 activation is explained by the important concentration of acidic groups on its surface.
Introduction
The increase of the threatening substances emission to the atmosphere has become a major environmental problem. Among the various harmful gases, nitrogen oxides (NO x ) have a negative impact through the smog and acid rain formations as well as the decrease of the superior ozone layer [1, 2] . Several methods have been applied for nitrogen oxides elimination including the reduction of NO x by selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR) [3] . However, these techniques have several drawbacks such as costs and technical complexity. Therefore, the separation by adsorption at reduced temperatures is receiving increasing attention. Several adsorbents including zeolites, perovskites and carbonaceous materials were tested for NO x Energies 2017, 10, 1508; doi:10.3390/en10101508
www.mdpi.com/journal/energies treatment [4] [5] [6] . However, studies on activated carbons (AC) performance for NO x removal showed promising results in term of adsorption efficiencies [7] [8] [9] [10] [11] [12] . Several lignocellulosic precursors were used for the preparation of activated carbons dedicated to the NO 2 removal at ambient temperature [7] [8] [9] [10] [11] [12] . These carbonaceous adsorbents showed interesting adsorption capacities ranging between 40 mg/g and 120 mg/g. However, the performance of these activated carbons was generally evaluated at 500-1000 ppm NO 2 concentrations in presence of air under dry and wet conditions. These experimental conditions are far from the ones encountered at ambient air especially near urban traffics and industrial plants.
Despite the emission reduction measures implemented for automotive and industrial exhaust gases [13] [14] [15] [16] , vehicle occupants and urban population are particularly affected by high or even increasing nitrogen oxides immissions. As a result, the interest in adsorptive cabin air filters and HVAC (Heating, Ventilation and Air Conditioning) filters is rising. This interest leads to more research on the adsorptive separation of low concentrations of nitrogen oxides at ambient temperatures. In this context, Sager et al. have examined the performance of different activated carbons in cabin air filter for the elimination of several pollutants [17] [18] [19] [20] [21] . In particular, authors examined the adsorption of low concentrations of NO 2 on modified activated carbon, prepared of polymer as base material, at ambient temperatures. They have showed that the elimination of NO 2 present in the air, on activated carbons at ambient temperature, and after repeated adsorption cycles, can be increased by the infiltration of metal oxide nanoparticles into the sorbent. In this case the regeneration of the filter was assumed to be connected to the redox properties of the sorbent that can act also as reduction catalyst towards NO x [18] [19] [20] [21] . However, the role of surface chemistry of the activated carbon on the NO 2 adsorption/reduction was not examined in detail.
Due to industrial activities and the urban traffic, NO x emissions are also a problem in developing countries such as Tunisia that has few resources and is rather agricultural and agro-industrial outside the urban agglomerations. One approach to counteract both problems is the development of an efficient sorbent for the separation of NO x from a locally available raw precursor; in this case, the agro-industrial residue olive stones have interesting potential for activated carbons preparation [22] . Ghouma et al. [10] have prepared activated carbon based on olive stones by water vapor activation. The adsorption tests with 500 ppm NO 2 have shown that the prepared activated carbon has a capacity as high as the ones available in literature. Furthermore, it was demonstrated that, besides microporosity, the surface functional groups are strongly related to the NO 2 adsorption capacity. However, the investigation of the AC performance at low concentrations as well as the determination of the precise contribution of the different activated carbon characteristics to NO 2 adsorption performance are still missing.
Based on the described considerations and experience, a study was started with regard to which extent the potential of activated carbon from olive stones can be enhanced by the different activation methods resulting in modifications of the functional groups on the inner surface and surface characteristics.
For that purpose, three differently activated carbons prepared from olive stones were evaluated with breakthrough tests using NO 2 (5 ppmv as inlet concentration) as the adsorptive at ambient temperature and 50% of relative humidity (RH). Two activated carbons were prepared by gas phase activation. A first sample was prepared by water vapor treatment, while a second was activated with carbon dioxide (CO 2 ). A third activated carbon was prepared by chemical activation with phosphoric acid (H 3 PO 4 ). The differently activated sorbents were characterized with regard to their pore structure, morphology and carbon surface chemistry using nitrogen adsorption, scanning electron microscopy, Fourier transform infrared spectroscopy, and temperature-programmed desorption coupled with mass-spectrometry. The results of the breakthrough tests were correlated to the results of AC characterization with the aim to identify the key-parameters influencing the adsorption capacity, and then to adjust the carbon activation and modification methods to obtain better performing sorbents. 
Materials and Methods

Samples Preparation
Carbon materials were prepared from olive pomace provided by a Tunisian olive oil factory located in Zarzis. The raw precursor was washed abundantly with hot distilled water and dried at ambient temperature for 24 h. Then, the dried olive stones were crushed and sieved to 1-3 mm particle size. Different activated carbons were prepared through chemical and physical activations of olive stones according to the following protocols.
Chemical Activation
A granular H 3 PO 4 -activated sample was prepared according to the optimized protocol reported by Limousy et al. [22] . Briefly, olive stones were soaked in an aqueous solution of orthophosphoric acid (50%, w/w) at the weight ratio (1:3). The suspension was stirred at 110 • C for 9 h. Then, the filtered material was dried and carbonized in nitrogen flow at 170 • C for 30 min and finally at 410 • C for 2 h 30 min. The resulting carbon, denoted as AC-H 3 PO 4 , was then washed abundantly with distilled water until the elimination of all acid traces, and was dried overnight at 110 • C. The yield of chemical activation method was 33 wt %. Referring to the recent work published on chemically activated carbon, it is shown that this yield is more important that KOH activation of biomass. Travis et al. [23] have synthesized a series of KOH activated carbons from spent coffee grounds. Sample yields ranged from 11 to 16 wt % with yields lower for higher KOH.
Physical Activation
The carbonization and the activation steps were carried out in a fixed bed reactor in a stainless steel reactor placed in a vertical automated furnace equipped with a temperature controller, with an initial mass of biomass equal to 2 g. Firstly, the precursor was carbonized under nitrogen flow at 600 • C for 2 h. Subsequently, the activation of the resultant char was performed by switching the gas either to pure CO 2 or to water vapor. The targeted temperature was maintained to 750 • C for 6 h. Further details about physical activation procedure could be found in a previous work [10] .
Characterization of Activated Carbons
Pore Structure and Morphology Characterization
Characterization of the pore structure of the activated carbon samples was made by measurement of N 2 adsorption isotherms using an automatic gas sorption analyzer (ASAP 2010, Micrometrics). Specific surface area was calculated from the N 2 adsorption isotherms applying the Brunauer-Emmett-Teller (BET) equation and yield important information about structural features. The total pore volume was determined from the amount of nitrogen adsorbed at P/P • = 0.99. The t-plot method was applied to measure the total micropore volume.
Scanning electron microscopy (Philips model FEI model Quanta 400 SEM) was used to analyze morphology of the different activated carbons.
Characterization of Carbon Surface Chemistry and Composition
Temperature Programmed Desorption Coupled with Mass Spectrometry (TPD-MS)
The surface chemistry of samples was analyzed by TPD-MS. The sample weighting 10 mg was placed in quartz tube in an oven and heat-treated with a linear heating rate of 5 • C/min under vacuum. The material surface chemistry was evaluated in the temperature range 25-900 • C. The gases evolved during the heating process were continuously analyzed quantitatively by a mass spectrometer (INFICON Transpector). The desorption rate of each gas as a function of temperature was determined from the TPD analysis. The total amount of each gas released was computed by time integration of the TPD curves.
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was used to characterize the main functional groups of the activated carbon surface using a spectrometer FTIR (Jasco FT-IR 4100 series spectrophotometer with a diffuse reflectance accessory manufactured by PIKE Technologies, Madison, WI, USA). During this characterization, samples of activated carbon were mixed with finely divided spectroscopic grade KBr. All the spectra were taken at a spectral resolution of 16 cm −1 using minimum 30 scans.
NO 2 Adsorption Experiments
The different sorbents were tested by breakthrough experiments in a test set-up with a fixed-bed flow reactor with an inner diameter of 0.05 m (see Figure 1) . In each test, 2 g of activated carbon was packed in the breakthrough column with a resulting bed length of about 2.5 mm. The very low bed length should represent the ultrathin sorbent layers of commercially available cabin air filters and filters for heating, ventilation and air conditioning purposes used for the reduction of ambient pollution. Then, an air stream of 23 • C and 50% relative humidity with 5 ppm V NO 2 was forced to pass through the sorbent layer with a velocity of 0.2 m/s. The NO 2 was directly supplied to the airflow from a reservoir using a mass flow controller. To avoid condensation and to achieve the required vapor pressure, the NO 2 reservoir, the tubing, and the mass flow controller were heated and kept at about 35 • C. At the inlet and outlet of the fixed-bed reactor, the concentrations of NO 2 and NO were measured with two nitrogen oxide analyzers (type AC 31M from Ansyco, Karlsruhe, Germany) using chemiluminescence. The measuring range of the analyzers is up to 10 ppmv and the lower detection limit is <1 ppb. As the precision of the measurement is ±1% of the upper range value at input concentrations of 5 ppm V , the measurement uncertainty causes a lack of significance of breakthrough values below 2%. In the test rig the total pressure corresponds approximately to the atmospheric pressure. Before the tests, the activated carbon samples were conditioned in air stream at 23 • C and 50% relative humidity, for 15 min. FTIR was used to characterize the main functional groups of the activated carbon surface using a spectrometer FTIR (Jasco FT-IR 4100 series spectrophotometer with a diffuse reflectance accessory manufactured by PIKE Technologies, Madison, WI, USA). During this characterization, samples of activated carbon were mixed with finely divided spectroscopic grade KBr. All the spectra were taken at a spectral resolution of 16 cm −1 using minimum 30 scans.
NO2 Adsorption Experiments
The different sorbents were tested by breakthrough experiments in a test set-up with a fixed-bed flow reactor with an inner diameter of 0.05 m (see Figure 1) . In each test, 2 g of activated carbon was packed in the breakthrough column with a resulting bed length of about 2.5 mm. The very low bed length should represent the ultrathin sorbent layers of commercially available cabin air filters and filters for heating, ventilation and air conditioning purposes used for the reduction of ambient pollution. Then, an air stream of 23 °C and 50% relative humidity with 5 ppmV NO2 was forced to pass through the sorbent layer with a velocity of 0.2 m/s. The NO2 was directly supplied to the airflow from a reservoir using a mass flow controller. To avoid condensation and to achieve the required vapor pressure, the NO2 reservoir, the tubing, and the mass flow controller were heated and kept at about 35 °C. At the inlet and outlet of the fixed-bed reactor, the concentrations of NO2 and NO were measured with two nitrogen oxide analyzers (type AC 31M from Ansyco, Karlsruhe, Germany) using chemiluminescence. The measuring range of the analyzers is up to 10 ppmv and the lower detection limit is <1 ppb. As the precision of the measurement is ±1% of the upper range value at input concentrations of 5 ppmV, the measurement uncertainty causes a lack of significance of breakthrough values below 2%. In the test rig the total pressure corresponds approximately to the atmospheric pressure. Before the tests, the activated carbon samples were conditioned in air stream at 23 °C and 50% relative humidity, for 15 min. 
Results and Discussion
Activated Carbon Characterization
Morphology and Pore Structure Characterizations
Scanning electron microscopy (SEM) micrographs of AC-H 3 PO 4 , AC-CO 2 and AC-H 2 O are gathered in Figure 2 . The three samples have shown remarkable differences in the surface morphology, thus revealing different activation mechanisms. The sample AC-H 3 PO 4 was arranged in tightly compacted sheets (see Figure 2a) . Actually, the phosphoric acid acts as an acid catalyst to promote bond cleavage and formation of cross-links via cyclization/condensation reactions. The deposited H 3 PO 4 can react with organic species to form phosphate and polyphosphate bridges that connect and cross-link biopolymer fragments. The addition (or insertion) of phosphate groups drives a process of dilation that, after the removal of the acid, leaves the matrix in an expanded state characterized by an accessible pore structure [24] . Similar observations were observed during chemical activation. As an example, KOH reacts with carbon to yield carbonates/bicarbonates at intermediate temperatures and further increase in the temperature leads to the decomposition and gasification to create porosities [25, 26] . In addition, during ZnO chemical activation, different reduction reactions occur to generate high porosities.
The physically activated carbons AC-CO 2 and AC-H 2 O show quite similar surface morphologies. Figure 2b ,c shows irregular shaped particles with large concoidal cavities and smooth surfaces for both activated carbons.
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Activated Carbon Characterization
Morphology and Pore Structure Characterizations
Scanning electron microscopy (SEM) micrographs of AC-H3PO4, AC-CO2 and AC-H2O are gathered in Figure 2 . The three samples have shown remarkable differences in the surface morphology, thus revealing different activation mechanisms. The sample AC-H3PO4 was arranged in tightly compacted sheets (see Figure 2a) . Actually, the phosphoric acid acts as an acid catalyst to promote bond cleavage and formation of cross-links via cyclization/condensation reactions. The deposited H3PO4 can react with organic species to form phosphate and polyphosphate bridges that connect and cross-link biopolymer fragments. The addition (or insertion) of phosphate groups drives a process of dilation that, after the removal of the acid, leaves the matrix in an expanded state characterized by an accessible pore structure [24] . Similar observations were observed during chemical activation. As an example, KOH reacts with carbon to yield carbonates/bicarbonates at intermediate temperatures and further increase in the temperature leads to the decomposition and gasification to create porosities [25, 26] . In addition, during ZnO chemical activation, different reduction reactions occur to generate high porosities.
The physically activated carbons AC-CO2 and AC-H2O show quite similar surface morphologies. related to the sample AC-H 2 O which is typically of Type III. Therefore, all carbons are basically microporous. In addition, AC-H 2 O exhibits mesopores in its internal structure. Such results were also observed by Roman et al. during the preparation of activated carbons from almond tree pruning through water vapor activation [27] . This results clearly indicates that the physical activation modes are different for H 2 O and CO 2 . Water vapor tends to react faster than carbon dioxide which leads to the formation of a highly mesoporous activated carbon. Such behavior for water vapor is due to the burning or also called as gasification of more carbon source at the given temperature, in the form of CO 2 (C + H 2 O → CO/CO 2 + H 2 ). At the opposite, carbon dioxide generates only micropores. This may be due to both the difference of reactivity of these two molecules but also to the difference of diffusion coefficients [28] . Moreover, the AC-H 3 PO 4 carbon shows the highest nitrogen uptake at −196 • C, thus displaying the highest surface area and the best-developed porosity. Such an observation is confirmed by the pore size distribution shown in Figure 3b . In fact, Figure 3b shows for AC-H 3 PO 4 only the presence of micropores (size < 2 nm) with high micropores volume comparing to AC-CO 2 . In contrast, AC-H 2 O exhibits a large size range of mesoporosity created by water vapor activation. The textural properties of the carbon materials deduced from adsorption isotherms of N 2 at −196 • C are compiled in Table 1 . isotherm related to the sample AC-H2O which is typically of Type III. Therefore, all carbons are basically microporous. In addition, AC-H2O exhibits mesopores in its internal structure. Such results were also observed by Roman et al. during the preparation of activated carbons from almond tree pruning through water vapor activation [27] . This results clearly indicates that the physical activation modes are different for H2O and CO2. Water vapor tends to react faster than carbon dioxide which leads to the formation of a highly mesoporous activated carbon. Such behavior for water vapor is due to the burning or also called as gasification of more carbon source at the given temperature, in the form of CO2 (C + H2O → CO/CO2 + H2). At the opposite, carbon dioxide generates only micropores. This may be due to both the difference of reactivity of these two molecules but also to the difference of diffusion coefficients [28] . Moreover, the AC-H3PO4 carbon shows the highest nitrogen uptake at −196 °C, thus displaying the highest surface area and the best-developed porosity. Such an observation is confirmed by the pore size distribution shown in Figure 3b . In fact, Figure 3b shows for AC-H3PO4 only the presence of micropores (size < 2 nm) with high micropores volume comparing to AC-CO2. In contrast, AC-H2O exhibits a large size range of mesoporosity created by water vapor activation. The textural properties of the carbon materials deduced from adsorption isotherms of N2 at −196 °C are compiled in Table 1 . TPD-MS experiments give the evolution of CO 2 and CO emissions, as a result of the decomposition of the oxygen functionalities existing at the surface of the activated carbons. The determination of the amount of CO and CO 2 evolved gives an estimation of the amount of surface oxygen groups on the activated carbons. Moreover, the analysis of these emissions according to temperature indicates the presence of different oxygen surface groups.
The analysis of the desorption rates of CO 2 indicates the presence of different surface oxygen groups. In particular, the emission of CO 2 below 400 • C indicate the presence of carboxylic groups at the surface of the different activated carbons [29] . However, AC-CO 2 curve shows a CO 2 emission peak at 520 • C attributed to lactone group decomposition. In contrast, AC-H 3 PO 4 and AC-H 2 O curves present CO 2 peaks at higher temperature (see Figure 4a ) accompanied by CO emission (see Figure 4b ). This decomposition indicates the presence of anhydride groups for the AC-H 3 PO 4 and AC-H 2 O samples.
In a similar way, the analysis of the CO desorption rates shows the higher amount of surface oxygen groups for the AC-H 3 PO 4 . The CO decomposition could be attributed to carbonyl, quinone, ether and phenol groups. For the physically activated carbons, the CO peaks are obtained at different temperatures. Hence, the CO peak was obtained at 700 • C for the AC-H 2 O attributed to phenol group decomposition. In contrast, the CO peak for AC-CO 2 is obtained at 830 • C attributed to quinone groups.
The cumulated amounts of the emitted gases during TPD-MS are shown in Table 2 . A significant amount of emitted hydrogen is observed for AC-H 2 O. Such emission may be attributed to water vapor activations, which leads to a higher hydrogenation of the carbon surface due to the water gas shift reaction (production of CO 2 and H 2 at the surface of the AC).
The infrared spectra of the different activated carbons are shown in Figure 5 . For the spectrum of AC-H 2 O, the presence of a broad band located between 3020 and 3300 cm −1 is observed. This band corresponds to the aromatic C-H groups. This band is related to the formation of the microcrystalline structure of this activated carbon. A second band between 1100 cm −1 and 1300 cm −1 assigned to the C-O groups present in the aromatic rings. The presence of a peak located at about 879 cm −1 is also observed, which is attributed to the aliphatic C-H elongation. Another peak located at around 1462 cm −1 is attributed to the elongation of the aromatic group. On the other hand, this spectrum shows the absence of significant peaks for the bands corresponding to the OH, C=O groups and the C-O-C groups. This behavior suggests that this activated carbon is primarily an aromatic polymer.
For the spectrum of AC-CO 2 , the presence of an intense peak attributed to the hydroxyl groups located at 3140 cm −1 is noted. Reddy et al. reported the same observations in their comparative study of the two activated carbons prepared from date palm cores activated by CO 2 and H 3 PO 4 [30] . For the activated carbon AC-H 3 PO 4 , a broad and intense shoulder between 3000 and 3500 cm −1 was observed. It was associated to the stretching vibrations of hydroxyl groups involved in hydrogen bonding [31] . The band at 1700-1710 cm −1 is generally ascribed to the stretching vibrations of C=O bond in carboxylic acid and lactone groups. However, the peak at 1600 cm −1 is attributed to a quinone structure. The band at 1250 cm −1 has been assigned to C-O stretching and O-H bending modes of alcoholic, phenolic and carboxylic groups [32] . However, any peak at 1170 cm −1 associated to the stretching vibration of the hydrogen bonding P=O contained in the group P-O-C (aromatic bond) [33] could not be identified, while a strong peak at 900-1000 cm −1 can be assigned to P-OR ester species (for the AC-H 3 PO4 sample). Figure 6 shows the breakthrough curves of NOx through the thin sorbent layers of the three different activated carbons. The volumetric content of the sum parameter NOx = NO2 + NO measured behind the sorbent layer is depicted in dependence of the experimental time. The inlet volumetric concentration of NO2 was constantly kept at 5 ppm, whereas no NO was supplied. The breakthrough curves are averaged from repeated experiments with error bars indicating the standard deviation.
NOx Adsorption on the Different Activated Carbons
As the following results show, for the assessment of the nitrogen oxide separation capacity of an activated carbon it is necessary to consider the volumetric fractions of the NOx present downstream the sorbent layer. Even though only NO2 is supplied to the system, other nitrogen oxides-containing species (as NO) are formed due to reduction of NO2 in the presence of activated carbon [11] [12] [13] [14] [15] [16] [17] . The reduction of NO2 to NO is highly undesirable because the separation capacities of activated carbons for NO are negligible. Thus, a low activity in reducing NO2 to NO is a desirable feature of activated carbons intended for NO2 sorption.
For AC-CO2 and AC-H2O, the measured volumetric concentration of NOx regularly increases during the experiment. AC-H2O presents the lowest NOx breakthrough, reaching up to the 54% of the supplied NO2. The characteristic of the NOx breakthrough curve of AC-H3PO4 is quite different. In the related experiments, in the first minutes, there is a deep increase of NOx measured at the outlet, then a slight decline and a subsequent stabilization at 90% of the supplied NO2. The breakthrough curves of NO and NO2 (see Figures 7 and 8) contribute to the explanation of the results. Figure 7 show the breakthrough curves of NO2 in the same manner as in Figure 6 for NOx through the thin sorbent layers of the three different activated carbons. All curves increase regularly, for NO2 the breakthrough of AC-CO2 is the highest during the entire experimental duration of three hours. The breakthrough curves of the other two sorbents intersect after about one hour of testing. At the end of the experiment, AC-H2O presents the lowest NO2 breakthrough. Figure 8 shows the measured downstream volumetric contents of NO during the experiments on the three activated carbons. At this step, it is important to mention that, in a previous study performed in similar conditions, we have shown that NO2 is reduced to NO but no N2 is produced during the contact between NO2 and the different activated carbons [10, 11] . For AC-CO2 and AC-H2O, the measured volumetric concentration of NO regularly increases during the first half of the experiment, reaching up to the 20% of the supplied concentration of NO2 for AC-CO2 and AC-H2O. In the second half time of the experiments, the NO content stabilized (the curve reach a plateau) for AC-CO2, while it continues to increase on AC-H2O. The NO breakthrough curve of AC-H3PO4 is quite Figure 6 shows the breakthrough curves of NO x through the thin sorbent layers of the three different activated carbons. The volumetric content of the sum parameter NO x = NO 2 + NO measured behind the sorbent layer is depicted in dependence of the experimental time. The inlet volumetric concentration of NO 2 was constantly kept at 5 ppm, whereas no NO was supplied. The breakthrough curves are averaged from repeated experiments with error bars indicating the standard deviation. different. In the related experiments, at the beginning, the supplied NO2 is almost completely and easily reduced to NO passing through the sorbent layer. During the three hours of testing, the amount of formed NO slowly decreases to reach 50% of the measured NO2 concentration. Thus, the NOx breakthrough characteristic of AC-H3PO4 shown in Figure 6 is determined by the reduction of NO2 to NO by the sorbent. As the following results show, for the assessment of the nitrogen oxide separation capacity of an activated carbon it is necessary to consider the volumetric fractions of the NO x present downstream the sorbent layer. Even though only NO 2 is supplied to the system, other nitrogen oxides-containing species (as NO) are formed due to reduction of NO 2 in the presence of activated carbon [11] [12] [13] [14] [15] [16] [17] . The reduction of NO 2 to NO is highly undesirable because the separation capacities of activated carbons for NO are negligible. Thus, a low activity in reducing NO 2 to NO is a desirable feature of activated carbons intended for NO 2 sorption.
NO x Adsorption on the Different Activated Carbons
For AC-CO 2 and AC-H 2 O, the measured volumetric concentration of NO x regularly increases during the experiment. AC-H 2 O presents the lowest NO x breakthrough, reaching up to the 54% of the supplied NO 2 . The characteristic of the NO x breakthrough curve of AC-H 3 PO 4 is quite different. In the related experiments, in the first minutes, there is a deep increase of NO x measured at the outlet, then a slight decline and a subsequent stabilization at 90% of the supplied NO 2 . The breakthrough curves of NO and NO 2 (see Figures 7 and 8) contribute to the explanation of the results. To compare the total NOx sorption capacities of AC-H2O, AC-CO2 and AC-H3PO4, in Figure 9 , the adsorbed amounts (in g) of NOx expressed by unit (in kg) of sorbent mass, are reported as a function of time. The mass of NOx adsorbed (mads) is calculated using the mass balance equation reported as follows: Figure 7 show the breakthrough curves of NO 2 in the same manner as in Figure 6 for NO x through the thin sorbent layers of the three different activated carbons. All curves increase regularly, for NO 2 the breakthrough of AC-CO 2 is the highest during the entire experimental duration of three hours. The breakthrough curves of the other two sorbents intersect after about one hour of testing. At the end of the experiment, AC-H 2 O presents the lowest NO 2 breakthrough. Figure 8 shows the measured downstream volumetric contents of NO during the experiments on the three activated carbons. At this step, it is important to mention that, in a previous study performed in similar conditions, we have shown that NO 2 is reduced to NO but no N 2 is produced during the contact between NO 2 and the different activated carbons [10, 11] . For AC-CO 2 and AC-H 2 O, the measured volumetric concentration of NO regularly increases during the first half of the experiment, reaching up to the 20% of the supplied concentration of NO 2 for AC-CO 2 and AC-H 2 O. In the second half time of the experiments, the NO content stabilized (the curve reach a plateau) for AC-CO 2 , while it continues to increase on AC-H 2 O. The NO breakthrough curve of AC-H 3 PO 4 is quite different. In the related experiments, at the beginning, the supplied NO 2 is almost completely and easily reduced to NO passing through the sorbent layer. During the three hours of testing, the amount of formed NO slowly decreases to reach 50% of the measured NO 2 concentration. Thus, the NO x breakthrough characteristic of AC-H 3 PO 4 shown in Figure 6 is determined by the reduction of NO 2 to NO by the sorbent.
To compare the total NO x sorption capacities of AC-H 2 O, AC-CO 2 and AC-H 3 PO 4 , in Figure 9 , the adsorbed amounts (in g) of NO x expressed by unit (in kg) of sorbent mass, are reported as a function of time. The mass of NO x adsorbed (m ads ) is calculated using the mass balance equation reported as follows:
where M NO2 and M NO are the molar masses of NO 2 and NO, V m the molar volume, ∆y i the difference of the volumetric content in the inlet and the outlet of the fixed-bed reactor, .
V the flow through the reactor and ∆t i a time interval. To compare the total NOx sorption capacities of AC-H2O, AC-CO2 and AC-H3PO4, in Figure 9 , the adsorbed amounts (in g) of NOx expressed by unit (in kg) of sorbent mass, are reported as a function of time. The mass of NOx adsorbed (mads) is calculated using the mass balance equation reported as follows:
where MNO2 and MNO are the molar masses of NO2 and NO, Vm the molar volume, ∆yi the difference of the volumetric content in the inlet and the outlet of the fixed-bed reactor, the flow through the reactor and ∆ti a time interval.
It is apparent that AC-H3PO4 has the lowest total capacity, while AC-H2O and AC-CO2 have comparable capacities at the start of the experiment. However, at the end of the experiment, more NOx was clearly trapped on AC-H2O than on AC-CO2. It is apparent that AC-H 3 PO 4 has the lowest total capacity, while AC-H 2 O and AC-CO 2 have comparable capacities at the start of the experiment. However, at the end of the experiment, more NO x was clearly trapped on AC-H 2 O than on AC-CO 2 . The obtained capacities for NO 2 adsorption are in the same range as those available in the literature [34, 35] . However, it is important to notice that the operating conditions in this present study are different from the ones available in the literature. In particular, the adsorption tests were performed at low inlet NO 2 concentrations (5 ppmv) while the ones in the literature were performed at high inlet NO 2 concentrations (500-1000 ppmv).
Effect of Porosity and Chemical Surface Groups
Porous texture and surface chemistry of activated carbons are crucial for adsorption process. However, the effect of texture parameters on NO 2 is not clearly shown in this present investigation. In fact, AC-H 3 PO 4 has the highest microporous volume (Vµ = 0.45 cm 3 /g) and the lowest adsorption capacities (C NO2 = 8.4 mg/g). In contrast, AC-H 2 O has the lowest microporous volume (Vµ = 0.28 cm 3 /g) and the highest adsorption capacities (C NO2 = 16 mg/g). Such results indicate that the surface chemistry plays an important role in the interaction of NO 2 with activated carbon surface. In particular, the presence of high acidic surface groups in AC-H 3 PO 4 seems to inhibit the NO 2 adsorption and favoring its reduction to NO. In a previous study, it was shown that physical activation leads to the formation of basic activated carbon surfaces while chemical using phosphoric acid activation favors acid activated carbon surfaces [35] . In fact, Boehm titration for AC-H 3 PO 4 indicates the presence of 1.45 mmol/g of carboxylic groups and 0.70 mmol/g of phenol groups [22] . In contrast, the basic character of activated carbons favors the NO 2 adsorption since the total basicity of AC-H 2 O was equal to 1.86 mmol/g and the pHzc was equal to 10.8. Such role of basic groups could be confirmed through the comparison of the AC-CO 2 and AC-H 2 O performances. In fact, these activated carbons have quite similar textural properties but the adsorption capacity for AC-H 2 O (C NO2 = 16 mg/g) is slightly higher than AC-CO 2 (C NO2 = 14.4 mg/g). This difference is attributed to a higher amount of basic groups for AC-H 2 O, as shown in the TPD-MS analysis. The role of surface chemistry on the interaction of NO 2 with activated carbons was already mentioned in previous investigations performed at higher NO 2 concentration (1000 ppm) [34] [35] [36] [37] . However, no clear role of acidic and basic groups on the NO 2 adsorption capacity was identified.
To further clarify the role of the surface species towards NO 2 adsorption, FTIR analysis of the three samples before and after NO 2 adsorption were performed. Unfortunately, no evidence of N-containing species (generally detectable in the 1190-1600 cm −1 range) has been found for any of the sample. In any case it is interesting to observe that for the AC-H 2 O and AC-CO 2 samples, that are those presenting the higher NO 2 adsorption capacity, the peaks related to C=O groups (ketones and quinones, at around 1500 cm −1 ) and the -C-OH phenolic groups (at around 1000 cm −1 ) disappear after adsorption of NO 2 (see FTIR spectra of AC-CO2 in Figure 10 , reported as example). This behavior suggests the interaction of NO 2 with the surface oxygen groups as following:
The formation of -C(ONO 2 ) complexes is in agreement with the TPD performed in previous investigations after NO 2 adsorption on different AC. In fact, during TPD, the NO 2 and CO molecules always desorb at the same time, as well as the CO 2 and NO molecules, thus confirming the formation of a -C(ONO 2 ) surface complex [6] . This complex species can be formed on carbon presenting active sites (O-containing surface groups) with only one oxygen atom, such as those that indeed disappear in the FTIR spectra after adsorption test.
Another explanation can be the difference of textural properties between the different activated carbons. At the beginning of the adsorption process, the entire surface of the AC is accessible, thus the reduction process can be limited by external surface and the chemistry of the different AC (more important for AC-H 3 PO 4 and similar for the others). The only difference between AC-CO 2 and AC-H 2 O corresponds to the presence of an important mesoporosity for the AC-H 2 O sample. Then, the accessibility of the adsorption sites (for NO 2 ) is higher for AC-H 2 O than for AC-CO 2 , Energies 2017, 10, 1508 13 of 15 which may explain the difference of the breakthrough curves obtained for these two adsorbents. The reduction activity may be correlated to the external surface of the AC while the adsorption of NO 2 is more dependent on the diffusion process and the basic site concentration at the surface of the AC. We can also make the hypothesis that the kinetic of NO 2 reduction is faster than the adsorption process, or energetically favorable. Of course, this comment needs to be verified and validated by further experiments. Another explanation can be the difference of textural properties between the different activated carbons. At the beginning of the adsorption process, the entire surface of the AC is accessible, thus the reduction process can be limited by external surface and the chemistry of the different AC (more important for AC-H3PO4 and similar for the others). The only difference between AC-CO2 and AC-H2O corresponds to the presence of an important mesoporosity for the AC-H2O sample. Then, the accessibility of the adsorption sites (for NO2) is higher for AC-H2O than for AC-CO2, which may explain the difference of the breakthrough curves obtained for these two adsorbents. The reduction activity may be correlated to the external surface of the AC while the adsorption of NO2 is more dependent on the diffusion process and the basic site concentration at the surface of the AC. We can also make the hypothesis that the kinetic of NO2 reduction is faster than the adsorption process, or energetically favorable. Of course, this comment needs to be verified and validated by further experiments.
Conclusions
In the present study, the importance of textural and surface properties of three different activated carbons is studied during the adsorption of NO2 at room temperature and very low concentration. The results obtained during the different experiments indicate that both of these properties are responsible of NO2 uptake and reduction to NO. The reduction rate of NO2 is found to be very high when the activated carbon is prepared by H3PO4 activation. The presence of an important concentration of reducing groups at the surface of this AC (mainly anhydride groups) seems to be at the origin of this behavior. The adsorption of NO2 is attributed to the presence of basic groups, which are more present when activation is carried out by a physical way. As AC-H2O presents a higher amount of basic groups in comparison to AC-CO2, its adsorption capacity is higher. The difference observed for the breakthrough curve of NO2 for AC-CO2 and AC-H2O is explained by the mesoporous structure of the AC-H2O sample, which enables a better diffusion of NO2 inside the 
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